stage with local invasion or metastasis, and some patients with tumor recurrence, reducing the chances of surgical intervention. Therefore, these patients need a more effective radiation therapy. Ionizing radiation is a potent inducer of DNA damage, and it is thought that the ineffective repair of DNA doublestrand breaks contributes most strongly to cytotoxicity (38) . Cancer cells have been shown to contain inherited mutations resulting in their inability to reduce DNA replication following a genotoxic insult such as exposure to ionizing radiation (IR), thereby leading to radioresistance (12) . The magnitude of this problem mandates the need to increase the sensitivity of the tumor cell to IR.
Honokiol (Fig. 1A) is a biphenolic compound present in the leaves, bark, and root of Magnolia officinalis (Chinese name is Houpu). It has been used in traditional Chinese and Japanese medicine for the treatment of various ailments because of its muscle relaxant, anti-gastric ulcer, antiallergic, antibacterial, and antithrombotic properties (14, 25) . The known pharmacological effects of honokiol include inhibition of platelet aggregation and protection of the myocardium, and recent studies have demonstrated that it has potent antitumor effects (13, 33) . Moreover, previous studies have demonstrated that honokiol in combination with radiation produces synergistic antitumor efficacy without increasing toxicity (17) . However, it is not clear whether the synergism is affected by the mismatch repair status of the cell.
Approximately 15% of colorectal cancers arise as a result of defective DNA mismatch repair resulting in chromosomal instability (19, 27) . Mismatch repair-deficient colorectal cancers have distinct features that distinguish them from other colorectal cancer types (20) . Mismatch repair is a highly conserved repair pathway that plays an important role in the detection and correction of DNA mismatches created during replication and recombination (31) . Inactivating mutations in mismatch repair genes cause a greatly increased rate of spontaneous mutation and are the underlying defect in hereditary nonpolyposis colorectal cancer (10, 32, 34, 35, 39, 40) . In addition, mismatch repair defects are associated with a significant proportion of sporadic cancers (31) . Introduction of a wild-type hMLH1, hMSH2, or hMSH6 mismatch repair-related genes by chromosome transfer into the corresponding mismatch repair-deficient cell lines induces adequate protein expression, restores mismatch repair activity, and stabilizes microsatellite loci (16, 21, 36) . Mismatch repair also modifies the cytotoxicity of various anticancer agents (32) . However, the role of mismatch repair in radiosensitization of colon cancer by natural compounds such as honokiol is not known. Accordingly, in this article, to determine whether honokiol enhances radiosensitivity of colon cancer cells with mismatch repair defect, we have used the model cell line HCT116, which is hMLH1 deficient, and compared it with HCT116-CH3, where chromosome 3 is stably reconstituted. The HCT116-CH3 cells are proficient in mismatch repair.
MATERIALS AND METHODS
Cells and reagents. HCT116 (American Type Culture Collection, Manassas, VA), HCT116-CH2, and HCT116-CH3 cells (21) transfected with chromosome 2 or chromosome 3, respectively, were kindly provided by Dr. Richard Boland and grown in DMEM containing 10% heat-inactivated fetal bovine serum (Sigma Chemical, St. Louis, MO) and 1% antibiotic-antimycotic solution (Mediatech, Herndon, VA) at 37°C in a humidified atmosphere of 5% CO 2. Normal colon epithelial cells (FHC, CRL-1831) were purchased from American Type Culture Collection, Manassas, VA and grown in Ham's F12 medium 45%, Dulbecco's modified Eagle's medium 45%, 25 mM HEPES, 10 ng/ml cholera toxin, 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 100 ng/ml hydrocortisone, 10% fetal bovine serum (Sigma Chemical), and 1% antibiotic-antimycotic solution (Mediatech, Herndon, VA) at 37°C in a humidified atmosphere of 5% CO 2. Honokiol was purchased from LKT Laboratories, St. Paul, MN.
Proliferation and apoptosis assays. To assess proliferation, cells were seeded onto 96-well plates and grown overnight. The cells were then treated with increasing doses of honokiol in DMEM containing 10% FBS and, after 4 h, the cells were exposed to ␥-irradiation (2.5 and 5.0 Gy) in a gamma cell 40-cesium irradiator at 0.90 Gy/min. Analysis of cell proliferation was performed at 24 and 48 h following IR exposure by the hexosaminidase enzymatic assay as described previously (23) . For apoptosis, caspase 3/7 activity was measured by use of the Apo-one Homogeneous Caspase-3/7 assay kit (Promega, Madison, WI).
Colony-formation assay. Briefly, six-well dishes were seeded with 500 viable cells/well in DMEM medium and allowed to grow overnight. The cells were then treated with increasing doses of honokiol (10 -50 M) in 10% FBS-containing DMEM. After 48 h, the honokiol-containing medium was removed and the cells were washed in PBS and incubated for an additional 10 days in complete medium. For combination of honokiol with radiation, the cells were grown overnight, then treated with honokiol (25 M) in 10% FBS-containing DMEM for 4 h and then exposed to 2.5 and 5 Gy IR. After 48 h following radiation exposure, the honokiol-containing medium was In contrast, proliferation of HCT116-CH3 cell was not affected to the same level. On the other hand, up to 25 M honokiol does not inhibit proliferation of FHC normal colonic epithelial cells. Here the cells were incubated with increasing concentrations of honokiol (0 -50 M) for 48 h and then proliferation levels were determined. C: honokiol inhibits colony formation. Cells were treated with increasing doses of honokiol (0 -50 M) for 24 h. Colonies were allowed to form by incubating in regular media containing 10% FBS for an additional 10 days. There was a reduction in colony formation in both cell lines but was more pronounced in HCT116 cells.
removed, and the cells were washed in PBS and incubated for an additional 10 days in complete medium. Each treatment was done in triplicate. The colonies obtained were washed with PBS and fixed in 10% formalin for 10 min at room temperature and then washed with PBS followed by staining with hematoxylin. The colonies were counted and compared with untreated cells.
Cell cycle analysis. HCT116 and HCT116-CH3 cells were plated at a density of 5ϫ10 5 cells per well on six-well plates. After treatment with honokiol and 2.5 Gy IR, cells were allowed to grow for 48 h. Both floating and attached cells were collected and centrifuged at 1,000 rpm for 5 min. The pellets were washed with PBS. The cells were resuspended in PBS and fixed in ice-cold 70% ethanol. The cells were washed with PBS and 10 mg/ml RNase A was added. Propidium iodide was added to the tubes at a final concentration of 0.05 mg/ml and incubated at 37°C for 30 min in the dark. Cell cycle analysis was performed with a Becton Dickinson FACScan by using an FL2 detector with a band-pass filter at specifications of 585 Ϯ 21 nm. In each analysis, 10,000 events were recorded. Results were analyzed with ModFit LT software (Verity Software House, Topsham, ME).
Western blot analysis. Cell lysates were subjected to polyacrylamide gel electrophoresis and blotted onto Immobilon polyvinylidene difluoride membranes (Millipore, Bedford, MA). Cyclin A1, cleaved Caspase 3, Bcl2, Bax, and phospho-specific p53 antibodies were purchased from Cell Signaling Technology (Beverly, MA). Cyclin D1 and actin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and specific proteins were detected by the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Piscataway, NJ).
Real-time reverse-transcription polymerase chain reaction analysis. Total RNA isolated from HCT116 and HCT116-CH3 cells treated with honokiol and IR by use of TRIzol reagent was reverse transcribed with Superscript II reverse transcriptase in the presence of random hexanucleotide primers (all from Invitrogen, Carlsbad, CA). Complementary DNAs were then used for real-time PCR using Jumpstart Taq DNA polymerase (Sigma Chemical) and SYBR Green nucleic acid stain (Molecular Probes, Eugene, OR). Crossing threshold values for individual genes were normalized to ␤-actin. Changes in mRNA expression were expressed as fold change relative to control. Primers used in this study were as follows: ␤-actin, 5=-GCTGATC-CACATCTGCTGG-3= and 5=-ATCATTGCTCCTCCTCAGCG-3=; NM_000546.4 Homo sapiens tumor p53 transcript variant 1 mRNA, 5=-ATGGAGGAGCCGCAG-3= and 5=-AAATCATCCAT-TGCTT-3=.
Statistical analysis. All values are expressed as means Ϯ SE. Data were analyzed via an unpaired two-tailed t-test. P value of less than 0.05 was considered statistically significant. For comparing multiple groups, one-way ANOVA was performed with Bonferroni corrections for multiple comparisons. To be considered significant, the P value must be less than 0.017. The SPSS V17 statistical software was used for ANOVA analysis.
RESULTS

Mismatch repair status affects the ability of colorectal cancer cell survival against the combination of honokiol and IR.
Genomic instability, resulting in defects of cell cycle checkpoints and DNA mismatch repair, has been implicated in lack of therapeutic response in patients with advanced disease. Previous studies have demonstrated that honokiol has anticancer effects on many cell types, but the exact mechanism of action is not well understood (24) . In this study, we sought to determine whether honokiol might have a more potent effect on colorectal cancer cells with mismatch repair defects. For this, we used the MLH1-deficient HCT116 cell line and compared it to the mismatch-proficient HCT116-CH3 subline. To confirm that changes seen are due to correction of the repair defect and not due to transfecting a chromosome, we also used the HCT116-CH2 subline in which the mismatch repair deficiency continues to persist (21) . We first determined the effect of honokiol on the three cell lines. Honokiol alone inhibited the proliferation of all three cell lines (Fig. 1B) . This antiproliferative effect was seen within 24 h at a dose of 25 M, which continued to significantly increase up to 48 h. However, the effects were less pronounced in the HCT116-CH3 cells, where the mismatch repair defect was corrected. Honokiol does not affect the proliferation of normal colonic epithelial cells for up to 25 M concentrations (Fig. 1B) . To further determine that the effect of honokiol is long term, we performed a colony formation assay in which cells were treated with increasing concentrations of honokiol (10 -50 M) for 24 h, following which the cells were allowed to grow. There was a significant difference in the number of colonies formed after treatment with 25 M honokiol, with fewer colonies observed in HCT116 cells compared with HCT116-CH3 cells (Fig. 1C) . These data suggest that honokiol has greater effects on colorectal cancer cells that have mismatch repair defects.
Radiation is a form of therapy commonly used in colon and rectal cancers either before or after surgery. However, high doses of radiation have significant side effects. Hence identifying means to enhance radiosensitivity of tumors is important. Given that honokiol reduced growth of HCT116 cells, we next determined its effects on radiation treatment. First, we determined the effect of honokiol and radiation on cell proliferation. Honokiol significantly enhanced IR-mediated suppression of proliferation of all three cell lines in a dose-and time-dependent manner ( Fig. 2A) . More importantly, the effects were greater in the mismatch-deficient HCT116 and HCT116-CH2 cells compared with mismatch-proficient HCT116-CH3 cells. These data suggest that the combination of honokiol and IR is more potent in treatment of MLH1 mismatch repair-deficient cells. To determine the long-term effect of the combination of honokiol and IR treatment, HCT116 and HCT116-CH3 cells were treated with honokiol for 4 h before exposure to 2.5 and 5.0 Gy IR. The cells were treated with honokiol for an additional 24 h before they were allowed to grow in normal medium. Lower numbers of colonies were observed in the HCT116 compared with HCT116-CH3 cells, both when the cells were treated with honokiol and IR alone and when they were treated with the combination (Fig. 2B) . These data suggest that mismatch repair proficiency protects cells from effects of honokiol and radiation therapy.
Alteration of G 1 /S transition is an underlying event in the development and progression of many cancers and a key protein that regulates this transition is cyclin D1. This cyclin forms a complex with and functions as a regulatory subunit of CDK4 or CDK6, whose activity is required for G 1 /S transition. Cyclin D1 also functions as a cofactor for several transcription factors (22) . Cyclin D1 overexpression has been linked to the development and progression of cancer (2) . In both HCT116 and HCT116-CH3 cells, honokiol and IR treatment resulted in reduced cyclin D1 expression, with the combination having an additive effect (Fig. 2C) . However, the suppression was more pronounced in the HCT116 cells compared with HCT116-CH3 cells (Fig. 2C) . Similar results were obtained with cyclin A1, an S/G 2 checkpoint-related protein, suggesting that the combination of honokiol and IR could potentially slow down the progression of cells out of S phase (Fig. 2C) .
Combination of honokiol and IR induces higher levels of cell death in mismatch repair-defective cells.
Given the effects of honokiol and IR on cyclin expression, we next determined whether the combination of honokiol (25 M) with IR (2.5 Gy) affects cell cycle progression. Both honokiol and IR treatment affected cell cycle progression (Fig. 3, A and B) . Treatment with honokiol alone resulted in an increase in G 0 /G 1 phase in both the cell lines. In contrast, IR induced a G 2 /M phase arrest in the cells (Fig. 3A) . When the two treatments were combined, we observed increased amounts of dead cells (Fig. 3A) . Moreover, the number of dead cells in the HCT116 cells was higher compared with HCT116-CH3 cells. These data suggest that the ability of the combination of honokiol with radiation in inducing cell death is higher in those that have a mismatch repair defect. 
Mismatch repair-defective cells have higher levels of apoptosis in response to the combination of honokiol and IR.
Caspase-3 and caspase-7 are key effector molecules in the apoptosis pathway involved in amplifying the signal from initiator caspases, such as caspase-8 and caspase-9 (8). To determine whether the cell death observed with honokiol and IR treatments is apoptosis, we determined whether caspase-3 and/or caspase-7 activity in HCT116 and HCT116-CH3 cells treated with either honokiol or IR is altered (Fig. 4A) . Furthermore, although there was an increase in the caspase-3/7 activity following treatment with the combination of honokiol and IR in the HCT116 cells, the effects were less pronounced in the MLH1-proficient HCT116-CH3 cells (Fig. 4A) . This was further confirmed by Western blot analyses, where activated caspase-3 levels were observed to be higher in the HCT116 compared with the HCT116-CH3 cells (Fig. 4B) . Further confirmation that the cells were undergoing apoptosis was obtained by Western blot analyses for the antiapoptotic Bcl2 and proapoptotic Bax proteins. Although either honokiol or IR alone inhibited the expression of Bcl2, there was a significant inhibition of Bcl2 expression when the two treatments were combined (Fig. 4C) . On the other hand, there was a significant increase in Bax protein with either honokiol or IR treatment, with a further increase in response to the combination treat- ment. Similar results were obtained in HCT116-CH3 cells, although the effects were less pronounced. These data suggest that honokiol is a potent inducer of apoptosis and plays an important role in radiosensitizing the cells, especially those with a defect in the mismatch repair system.
The combination of honokiol and IR induces higher levels of p53 phosphorylation in mismatch repair-defective cells.
Tumor suppressor p53 protein plays a significant role in G 2 /M transition and is activated in response to genotoxic injury (9) . Since honokiol and IR induces G 2 /M cell cycle arrest and subsequent apoptosis, we next determined whether combination of honokiol with IR affected p53 expression. There was a significant increase in p53 mRNA levels in HCT116 cells but not in HCT116-CH3 cells (Fig. 5A) . These data suggest that the combination of honokiol and IR induces apoptosis in a p53-independent manner in mismatch-proficient cells. We further confirmed this at the protein level. Phosphorylation of the NH 2 -terminal end of p53 activates the protein. Higher levels of p53 phosphorylation at Ser15 were observed following IR treatment in both HCT116 and HCT116-CH3 cells (Fig. 5B) . Furthermore, although the combination of honokiol and IR treatment demonstrated increased levels of phosphorylated p53 in HCT116 cells, this was significantly suppressed in the HCT116-CH3 cells. These data suggest that HCT116-CH3 cell is less sensitive to the treatment of honokiol and IR, again demonstrating that the combination of honokiol and IR is more potent in inducing p53 phosphorylation in cells with mismatch repair defects.
DISCUSSION
Colorectal cancer is a common malignancy in economically developed countries, particularly in North America, Europe, and Australia, and has emerged as one of the leading causes of cancer-related deaths in the Western world. The significant morbidity of surgery, radiation, and chemotherapy for colorectal cancer has led to searches for less toxic alternative therapies. Concurrent or sequential combinations of radiotherapy or chemotherapy with chemopreventive agents have been suggested as promising alternatives to single-agent therapies. Recent reports from experimental and clinical studies have also proposed that combinations of radio-or chemotherapy agents with natural preventive agents have shown greater than additive effects resulting in increased efficacy while reducing potential side effects (4, 6) . Moreover, the possibility exists that, with the addition of agents with low side effects, the dose of agents with potential side effects can be significantly reduced while keeping the clinical therapeutic outcome the same.
Our results indicate that the combination of honokiol with IR possesses potential as a promising anti-colorectal cancer therapeutic strategy. Many studies have shown a broad antitumor activity for honokiol (7, 13, 25) . Unlike many other natural products, honokiol exhibits a desirable spectrum of bioavailability (13) . The development of other polyphenolic agents has been hindered by poor absorption and rapid excretion (e.g., curcumin) (29, 30, 37) . However, honokiol does not have this disability in that significant systemic levels of honokiol can be obtained in preclinical models and that honokiol can also cross the blood-brain barrier (13) . Honokiol inhibits multiple facets of signal transduction (13) . Currently, it is not known whether honokiol has a single major target or several targets. However, it has several activities that make it desirable as a therapeutic. First, it is orally bioavailable and crosses the blood-brain barrier. Second, it inhibits NF-B activity differently from other known inhibitors. This suggests that it can sensitize tumors to apoptosis in the face of conventional chemotherapy and radiation. Honokiol can also cause mitochondrial dysfunction (13) . These data together suggest that honokiol could be used as an effective agent either alone or in combination with IR and/or chemotherapeutic drugs. Of course, there is a need to consider how the honokiol could be administered. For colorectal cancers, one mode could be oral administration in the form of a capsule, especially since it is water soluble and has been shown to be bioavailable. Another could be an intravenous route of administration. In this regard, a recent study demonstrated that a biodegradable self-assembled PEG-PCL-PEG micelle encapsulating honokiol can be administered intravenously, for effectively targeting colorectal cancers (15) . More importantly, this method was found to be effective, stable, and safe.
Honokiol disrupts many of the characteristic cancer-promoting events. Previous studies have shown that honokiol radiosensitizes lung cancer cells in both dose-and time-dependent manner (18) . Our present studies show a similar effect on colorectal cancer cells. We have observed that the combination of honokiol with IR inhibits proliferation of colorectal cancer cells and promotes apoptosis. Previous studies with LL/2 Lewis lung carcinoma cells showed that honokiol combined with radiotherapy can induce the cells to arrest in the G 0 /G 1 phase and a corresponding decrease in the S-phase (18) . Here we have determined that the combination of honokiol with IR results in an increase in cells undergoing arrest in G 2 /M phase, along with an increase in the number of cells in sub-G 0 and a decrease in the number of cells in the S phase at 48 h. Our studies further suggest that there is significantly higher level of apoptosis. An intriguing observation is that cyclin D1 and cyclin A1 were reduced when cells were treated with honokiol and IR. A reduction in cyclin D1 is generally believed to result in cells undergoing G 0 /G 1 arrest since the protein is responsible for progression through the G 1 /S phase transition (3). However, our data suggest that the combination of honokiol and IR downregulated the expression of cyclin A1, a protein that regulates S/G 2 progression. Additional studies are required to determine whether specific cells within a pool of cells are undergoing G 1 /S or S/G 2 checkpoint arrests. Taken together, these data suggest that combination of honokiol and IR can affect the various stages of cell cycle progression of the colorectal cancer cells, with the ultimate effect being induction of apoptosis during mitosis leading to mitotic catastrophe.
Previous studies have shown that introduction of a single copy of chromosome 3 into HCT116 cells resulted in a correction of mismatch repair deficiency and microsatellite instability (21) . In fact, one copy of the normal hMLHl gene is sufficient to restore mismatch repair activity and microsatellite stability (21) . Moreover, the transfer of a single intact chromosome ensures that the encoded genes are likely to be expressed at normal levels in the recipient cells (21) . These cell lines have been useful for investigating drug sensitivity. Mismatch repair also modifies the cytotoxicity of various anticancer agents (32) . In fact, the cells have been used previously to compare drug sensitivities between repair-deficient and repairproficient isogenic cell lines. HCT116-CH3 cells are resistant to relatively high concentrations of N-methyl-N=-nitro-N-nitrosoguanidine (16, 21) . Furthermore, HCT116 cells have been shown to be more sensitive than HCT116-CH3 cells to anticancer agents such as 6-thioguanine, cisplatin, doxorubicin, 5-fluorouracil, etoposide, camptothecin, tegafur, streptozotocin, bleomycin, mitomycin C, vinblastine, vincristine, nimustine, Ara-C, chlorambucil, and epirubicin (1, 5, 11, 21, 32) . These results indicated that the mismatch repair system is a critical determinant of the response to cytotoxic drugs. Although the potent radiosensitizing ability of chemotherapeutic agents has been well documented both in vitro and in vivo, their effects in isogenic cells lines with mismatch repair defects have not been documented.
In the present article, we have compared cells that differ in their ability to repair DNA mismatches and demonstrated that honokiol can induce greater radiosensitization of the mismatch repair-deficient HCT116 cells compared with the mismatch repair-proficient HCT116-CH3 cells. These fit well with the recent clinical report demonstrating that 5-fluorouracil-based adjuvant chemotherapy is beneficial for colorectal cancers with the mismatch repair-deficient phenotype but not for those with the mismatch repair-proficient phenotype (28) . These data further support the notion that results obtained in vitro with the isogenic HCT116 cell lines (CH2 and CH3) can be consistent with therapeutic efficacy in vivo in human clinical trials. In conclusion, these data strongly suggest that combination of honokiol with IR has a promising potential for the therapeutic interventions of mismatch repair-deficient colorectal cancer.
Our studies show that the combination of honokiol with IR has more potent effect in inhibiting the growth of mismatch repair-deficient colorectal cancer cells compared with isogenic cells that are mismatch repair proficient. The combination not only suppressed cell proliferation but also induced a long-term effect by inhibiting the formation of colonies. Moreover, we have determined that the cells are arrested in the G 2 /M phase of the cell cycle and the cells are undergoing apoptosis. Given that we observed increased levels of phosphorylated p53, further studies are warranted to determine whether the cells are undergoing mitotic catastrophe. p53 is a critical player in G 2 /M transition and subsequent apoptosis, especially in response to genotoxic injury. Another interesting question relates to the role of p53 and apoptosis and the status of mismatch repair of the cells. Our studies demonstrated that, although both HCT116 and HCT116-CH3 cells undergo apoptosis, there is significantly less apoptosis in the mismatch-proficient HCT116-CH3 cells. However, although p53 is phosphorylated in response to honokiol and IR in the HCT116 cells, it is not phosphorylated in HCT116-CH3 cells. These data suggest that enhanced cell death observed in response to honokiol and IR in the mismatch repair-defective cells is due to increased p53 phosphorylation. Further studies are required, however, to confirm this is the case in cells that are mismatch repair deficient and also lack p53. Nevertheless, it is intriguing to think that the combination of honokiol and IR can induce cell death by different mechanisms namely a p53-dependent pathway in mismatch-deficient cells while a p53 independent mechanism in mismatch-proficient cells.
In conclusion, the present studies provide evidence that the combination of honokiol and IR treatment results in a dosedependent inhibition of the growth of colon cancer cells, with a more potent effect observed in cells with a defect in mismatch repair deficiency. Furthermore, the combination treatment was more potent in inducing apoptosis in the cells with mismatch repair defect. There was also reduced expression of cyclin A1 and D1 and increased phosphorylation of p53 in the mismatch defect cells. These data demonstrate that honokiol is highly effective in radiosensitizing colorectal cancer cells, especially those with a mismatch repair defect. Future studies should focus on further characterizing the mechanism and determining the contribution of the various signaling pathways in the process. Furthermore, studies using various spontaneous and xenograft models will be needed to confirm the results in the in vivo setting.
